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ABSTRACT: A scheme of nanoscale lasers based on the so-called carbon peapods is examined in 
details. Since there is considerable cylindrical empty space in the middle of a single-wall carbon 
nanotube (SWCNT), it can serve as a laser resonant cavity that consists of two highly reflecting, 
alignment “mirrors” separated by some distance. These mirrors refer to the ordered arrays of C60 inside 
SWCNTs, which have photonic bandgap structures. Meanwhile, ideally single-mode lasers are 
supposed to be produced in the nanoscale resonant cavity. 
 One useful thing that comes out of the discovery of C60 1 may be new ideas and paths of 
investigation.2-4 Carbon nanotubes (CNTs), 5 for example, are the direct result of fullerens research. It 
has been suggested that atoms and molecules can be trapped inside a SWCNT. Recently a 
supramolecular assembly comprising C60 molecules inside single-wall carbon nanotubes 
(C60@SWCNTs) known as carbon “peapods” was discovered by Smith et al. using transmission 
electron microscopy (TEM), 6 and was intensively studied both experimentally and theoretically. 7 
These so-called carbon peapods not only represent a new family of nanostructured carbon, but also 
support the general idea that SWCNTs are ready to accept various types of compounds and further 
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 confirm the notion of being an ideal system for nanodevices. It is believed that the potential application 
of the carbon peapod is such that it can be utilized as a memory device capable of storing a bit of 
information by the voltage-driven shuttling of interior C60 between the two endcaps of the single-wall 
carbon nanotubes. 8-9 
 
 
 
 
 
 
 
 
 
 
 
 
More recently, ordered phase of fullerenes in CNTs over distances of 20-50 nm was observed. 10 Here, 
we present that such structure, where C60-C60 separations are slightly varied, is actually a one-
dimensional photonic crystal (PC), 11,12 due to that the dielectric constant is periodically modulated. A 
sketch of the carbon peapod photonic crystal (CPPC) is shown in Figure 1(a). PCs have electromagnetic 
band gap, which overlaps the electronic band edge, and spontaneous emission can be rigorously 
forbidden. 11 To our best knowledge, there is no report on nanostructured photoic crystals. Therefore, 
CPPCs deserve detailed investigations of both fundamental interests and potential nanodevices 
applications. 
 
 
 
 
 
 
 
 
 
 Figure 2. : Schematic plan of a nanoscale laser based on CPPCs,
showing elements responsible for energy input, amplification, and
output. The active atoms are capsulated inside the SWCNT and
able to produce ideally single-mode lasers. Figure 1. : Sketch of (a) a carbon peapod photonic 
crystal; (b) a one-dimensional photonic crystal. 2
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As a particular application, CPPCs can be employed as two perfect dielectric mirrors of a nanoscale 
laser's resonator, which is shown in Figure 2. Before we discuss the stability of the resonator as well as 
selecting gain medium, we would like to demonstrate the origin of the high reflectivity of CPPCs within 
some specified frequency band. 
While calculations of band structures of three-dimensional PCs cannot be achieved without difficulty 
in mathematics, 13 analyses of one-dimensional PCs is much simpler using a standard transfer matrix 
method. 14 The calculated forbidden frequency for the CPPC shown in Figure 1 is 
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in which c  is the speed of light in vacuum, and aε ( bε ) the dielectric constant of media a (b). For a 
typical CPPC, 3.0=a  nm, 7.0=b  nm, 10,15 and bε  may be taken to be about 22; 16 thus we expect the 
lowest forbidden frequency for a CPPC to be about 171063.2 ×  Hz ( 2.7≈λ  nm). The calculated result 
reveals that x-rays, which have frequencies within the photonic band gap of CPPCs, could be trapped 
inside SWCNTs. Since carbon peapods can be intercalated with metal atoms 17 and metallofulleren can 
be inserted into SWCNTs [e.g., (Gd@C82)@SWCNTs], 18 the parameters of CPPCs can be conveniently 
changed in order to obtain proper bandgap structures of interest. This immediately suggests that CPPCs 
can be employed as perfect dielectric mirrors of the nanoscale lasers. Moreover optoelectronic circuits 
based on a CPPC can be easily accomplished by voltage driving 8,9 C60 molecules inside the SWNT and 
therefore changing CPPC's parameter. 
However, we are interested in of carbon peapods of finite length. Without going further than the 
transfer matrix method, one gets the reflectance and transmissivity for a CPPC consisting of 
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in which δ  denotes the Bloch phase and T  the transmissivity for a unit cell. Equation (2) indicates that 
NR , as well as NT , depends on the number of the segments, namely the length of carbon peapods. 
Despite the fact that no one has yet rigorously quantified the filling of SWNTs with C60 molecules, we 
can, in principle, obtain CPPC mirrors with reflectance near or much less than 100% by properly 
arranging the C60 molecules inside the SWCNT. And they can be employed as total reflection and 
transparency mirror, respectively, of the nano-laser resonator. 
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One of the simplest but most important questions concerning a laser resonator is whether it is stable. 
If the ray remains within the resonant cavity after a sufficiently large number of reflections, it is said to 
be stable. In general, a stability criterion for a laser resonator can be expressed in terms of the radii of 
curvature of the mirrors and the distance separating the mirrors. In the case of CPPC mirrors, the radii 
of C60 is about 0.354 nm and is small compared with the wavelength of visible and ultraviolet light, 
which is supposed to be amplified in the laser resonator. Such scattering is known as Rayleigh 
scattering. 19 If the incident light is unpolarized with the incident irradiance iI , the scattered irradiance 
sI  is 
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where a , λ , and θ  denote the radii of particle, wavelength, and the scattering angle respectively. 
Besides, the relative refractive index nnm 1=  and n  are the refractive indices of particle and medium, 
respectively) is weakly dependent on wavelength. Because of the angle-dependent sI  in equation (3), 
the most heavily forward and backward scattering directions, corresponding to 0=θ  and π , are 
weighted. Thus the CPPC mirrors act like flat-mirrors, since the forward scattering is forbidden for the 
wavelength within the photonic gap of CPPCs. Meanwhile, carbon peapods are observed to remain 
collimating and ordered over distances of 20-50 nm, 15 which assures that the CPPC mirrors separated at 
the two endcaps of the SWCNT can be well aligned flat-mirrors. Thereby, the nanoscale laser resonator 
of an effective length of 20-50 nm is stable. 
We will consider only the case of a cylindrical empty resonant cavity containing radiation but no 
matter, as sketched in Figure 2. The assumption that there is radiation but no matter inside the cavity is 
obviously an approximation if the cavity is part of a working laser. This approximation is used 
frequently in laser theory, and it is accurate enough for many purpose because laser media are usually 
only sparsely filled with active atoms or molecules. Since the electric field should vanish at the walls of 
one-dimensional cavity, we have nL2=λ , where ⋅⋅⋅= ,2,1n  is a positive integer, and L  the cavity 
length. This relation indicates that it is impossible for us to have coherent-single-mode-laser emission 
since the optical cavity dimensions are enormously larger than an optical wavelength ( 500≈λ  nm). 
However, the ideally single-mode laser can be easily accomplished by a propitious choice of 
dimensions of a nanoscale resonator and the wavelengths of the principal (lowest) modes range from 20 
to 100 nm. Actually, the nanoscale resonator itself can be constructed on the scale of the wavelengths of 
interest by synthesizing longer carbon peapods with ordered peas arrays inside. Even the x-ray can be 
amplified in this kind of nanoscale resonant cavity, if active atoms trapped inside SWCNTS can 
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produce x-ray emission. But the power of the nanoscale laser will be limited in order to remain stability 
of the resonator. 
At the moment, we would like to search for proper active medium in which the extreme-ultraviolet 
light can be essentially amplified and be conveniently encapsulated inside the carbon peapods. The 
highest priority should be given to the C60 molecules inside the carbon peapods resonator. The fcc 
crystals are novel semiconductor with direct energy gap of 1.5 eV. 16,20 Note that C60 clusters are 
condensed by van der Waals force, the crystalline phase of C60 molecules existing in carbon peapods 10 
is strongly suggested to be semiconducting. In spite of the fact that there is no report of laser produced 
in the semiconducting C60 crystals, it deserves detailed examination. An alternative is rare-gas 
“excimer” (contraction for excited dimer) lasers since their wavelengths tend from the visible to the 
ultraviolet. For example, the *2Ar  excimer can produce laser at around 126.1 nm. 
21 Meanwhile, these 
atoms can be trapped inside SWNCTs, 22 and form dimers inside C60 and C70 fullerenes. 23,24 Hence, 
they are the most promising active media expected to produce eximer laser in the nanoscale resonant 
cavity based on carbon peapods. 
In summary, we have shown that the carbon peapods with ordered phase of C60 molecules inside may 
be novel one-dimensional nanostructured photonic crystals. The calculated photonic bandgap structure 
of a typical CPPC reveals that x-rays, which have frequencies within the forbidden gap, can be trapped 
inside the SWCNT.  One of the remarkable features of the CPPC is that it is convenient to switch its 
photonic band gap on and off by voltage-driven changing intermolecular separation of C60 molecules 
inside the SWCNT. Therefore, CPPCs can be employed as optoelectronic circuits in nanodevices. 
Furthermore, a nanoscale resonant cavity based on CPPCs is supposed to produce ideally single-mode 
laser. Detailed investigations by experiment are desired in the near future. 
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